
R E S E A R CH AR T I C L E

Diversity in peptide recognition by the SH2 domain of SH2B1

Marissa A. McKercher1 | Xiaoyang Guan2 | Zhongping Tan2 | Deborah S. Wuttke1

1Department of Chemistry and

Biochemistry, University of Colorado,

Boulder, Colorado

2Department of Chemistry and

Biochemistry, BioFrontiers Institute,

University of Colorado, Boulder, Colorado

Correspondence

Deborah S. Wuttke, Department of

Chemistry and Biochemistry, UCB 596,

University of Colorado, Boulder, Colorado

80309, USA.

Email: deborah.wuttke@colorado.edu

Funding information

The National Science Foundation,

Directorate for Biological Sciences,

MCB1121842; Division of Chemistry,

CHE1454925

Abstract
SH2B1 is a multidomain protein that serves as a key adaptor to regulate numerous cellular events,

such as insulin, leptin, and growth hormone signaling pathways. Many of these protein-protein

interactions are mediated by the SH2 domain of SH2B1, which recognizes ligands containing a

phosphorylated tyrosine (pY), including peptides derived from janus kinase 2, insulin receptor, and

insulin receptor substrate-1 and22. Specificity for the SH2 domain of SH2B1 is conferred in these

ligands either by a hydrophobic or an acidic side chain at the 13 position C-terminal to the pY.

This specificity for chemically disparate species suggests that SH2B1 relies on distinct thermody-

namic or structural mechanisms to bind to peptides. Using binding and structural strategies, we

have identified unique thermodynamic signatures for each peptide binding mode, and several

SH2B1 residues, including K575 and R578, that play distinct roles in peptide binding. The high-

resolution structure of the SH2 domain of SH2B1 further reveals conformationally plastic protein

loops that may contribute to the ability of the protein to recognize dissimilar ligands. Together,

numerous hydrophobic and electrostatic interactions, in addition to backbone conformational flexi-

bility, permit the recognition of diverse peptides by SH2B1. An understanding of this expanded

peptide recognition will allow for the identification of novel physiologically relevant SH2B1/pep-

tide interactions, which can contribute to the design of obesity and diabetes pharmaceuticals to

target the ligand-binding interface of SH2B1 with high specificity.
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1 | INTRODUCTION

SH2B1 is a key adaptor protein, found in several species including

humans and mice,1 that activates numerous cellular pathways in

response to external stimuli including insulin, leptin, and growth hor-

mone exposure.2–5 As a result, SH2B1 is a key regulator of glucose

metabolism and body weight, with possible roles in the management of

obesity and diabetes.2,6 Upon binding of hormone molecules to trans-

membrane receptors, SH2B1 is recruited from the cytosol to the mem-

brane where it can either interact directly with the receptor (e.g.,

insulin receptor (IR)7–10) or with other receptor-localized cytosolic pro-

teins, such as janus kinase 2 (JAK2)11–16 or insulin receptor substrate-1

and 22 (IRS1 and IRS2).3,6 The interaction between SH2B1 and JAK2

has been especially well studied, and this interaction is known to

increase the catalytic activity of JAK2 in vivo, resulting in enhanced

auto-phosphorylation or phosphorylation of substrate molecules.14,17,18

Many of the interactions between SH2B1 and ligands, including JAK2,

are mediated by the SRC Homology 2 (SH2) domain of SH2B1, which

binds phosphotyrosine (pY)-containing ligands upon auto- or trans-

phosphorylation of the ligand. Through numerous additional structural

elements, including a pleckstrin homology (PH) domain, dimerization

domain (DD), proline-rich sequences, and posttranslational modifica-

tions (including several phosphorylated tyrosines), SH2B1 can bind

multiple targets simultaneously. This role as an adaptor allows SH2B1

to spatially bridge regulatory proteins to form large signaling complexes

capable of eliciting diverse cellular activities.

Several high-throughput array studies, which probed binding of

SH2 domains to libraries of degenerate peptide sequences19 or of

approximately 6200 phosphopeptides derived from the human pro-

teome,20 found the SH2 domain of SH2B1 to have a preference for

peptides with predominantly hydrophobic amino acids at the positions

immediately C-terminal to the pY. An especially strong specificity for a

leucine or isoleucine at the 13 position (the third amino acid C-

terminal to the pY) was identified.20 The preference for a small hydro-

phobic amino acid at the 13 position is supported by the interaction

between the SH2 domain of SH2B1 and a peptide derived from JAK2
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(JAK2-pep), which contains a 13 leucine. The structure of SH2B1/

JAK2-pep reveals a narrow uncharged peptide-binding surface (Supple-

mental Figure 1), which provides a clear rationale for the observed

preference for peptide ligands containing hydrophobic residues at the

13 position.21 The 13 Leu forms hydrophobic contacts to four nearby

(<4.0 Å) residues (V589, L592, I609, and L611) and more distal hydro-

phobic contacts (between 4.0 and 5.0 Å) to three additional residues

(L577, F604, and P610). Together, these seven residues form a narrow

hydrophobic binding groove between the EF and BG loops of SH2B1,

thereby creating a favorable pocket for binding to hydrophobic peptide

ligands.

Interestingly, several studies using smaller libraries of <200 physi-

ological peptides derived from specific signaling systems (e.g., ErbB or

insulin signaling proteins) identified an unexpected preference of

SH2B1 for peptides with aspartic acid (Asp) or glutamic acid (Glu) at

the 13 position.22,23 For example, a study using 192 phosphopeptides

derived from proteins involved in fibroblast growth factor (FGF), insulin

growth factor (IGF-1), and insulin signaling pathways found that, while

capable of binding hydrophobic peptides, the SH2 domain of SH2B1

also bound preferentially to acidic peptides.22,23 The specificity profile

was identified as pY-X-X-(D/E/u), where X represents any of the 20

standard amino acids, and u represents hydrophobic amino acids.23

Similarly, a study using a library of 92 phosphopeptides corresponding

to ErbB receptor intracellular tyrosine sites found seven sites capable

of binding to SH2B1 with affinities tighter than 20 lM, as determined

by high-throughput fluorescence polarization (HT-FP).24 All seven pep-

tides contained one or more Asp or Glu residues within the three posi-

tions (11, 12, 13) C-terminal to the pY, and three peptides contained

an Asp or Glu residue specifically at the 13 position. It is unclear how

SH2B1 accommodates these acidic peptides based on the hydrophobic

pocket apparent in the existing structure of the primary binding confor-

mation of SH2B1 bound to JAK2-pep,21 suggesting that SH2B1 has

additional binding modes that allow it to bind acidic peptides from

diverse physiological origins.

The use of multiple binding modes may be a mechanism shared

amongst numerous SH2 domains, as we have previously observed simi-

lar multimodal peptide binding specificity in the C-terminal SH2 domain

(PLCC) of phospholipase C-g1. Similar to the chemically diverse ligands

observed to bind SH2B1, peptide array studies have demonstrated that

PLCC also binds peptides containing amino acids of dissimilar size and

polarity.19,20,22,23,25,26 We previously showed that PLCC contains a

chemically diverse interface, including a charged residue (R716) and

numerous hydrophobic residues, that predominantly drives the recogni-

tion of an expanded repertoire of binding partners. An overlay of sev-

eral peptide-bound structures of the SH2 domain of SRC reveals

similar behavior to PLCC, in which several polar or hydrophobic resi-

dues in the EF and BG loops promote the accommodation of numerous

conformationally distinct ligands (PDB IDs: 1SHA, 1SHB, 1P13, 1NZL,

1HCS, and 1SPS). The SH2 domain of interleukin-2 tyrosine kinase

(Itk), also utilizes multiple binding modes to accommodate diverse

ligands. This is accomplished through cis-trans isomerization of a single

proline residue (Pro287) within Itk, which promotes a reorientation of

the CD loop that modulates conformer-specific recognition of exclusive

subsets of ligands.27,28

We have explored how SH2B1 exhibits specificity for peptides

from two distinct chemical classes using structural and thermodynamic

approaches. We have identified several flexible SH2B1 loops and spe-

cific amino acids that distinctly impact binding to peptides containing

hydrophobic versus acidic residues at the 13 position. We have further

demonstrated electrostatic interactions to residues K575 and R578 to

be key for peptide recognition. Multimodal specificity may allow

SH2B1 to participate in previously unrecognized signaling pathways

through interactions with an expanded set of pY targets. This knowl-

edge increases our understanding of the role of SH2B1 as a signaling

hub in metabolic pathways, and may aid in determining the pathways

by which SH2B1 regulates body weight and glucose metabolism in

humans.2,6 Consequently, the identification of diverse modes of pep-

tide recognition by SH2B1 may have significant implications for the

rational design of therapeutics targeting the SH2B1/ligand interface for

the treatment of obesity and diabetes.

2 | MATERIALS AND METHODS

2.1 | SH2B1 cloning, expression, and purification

A pGEX6P1 plasmid containing DNA for residues 515–639 of human

SH2B1 was a gift from Bruce Mayer (Addgene plasmid #46479).29

SH2B1 (residues 519–628) was amplified out of pGEX6P1 and sub-

cloned into pET15b using BamH1 and Nde1 restriction enzymes.

Desired mutations (e.g., K575E and R578E) to SH2B1 were made by

site-directed mutagenesis (QuikChange method, Agilent Technologies).

SH2B1 was expressed in BL21 (DE3) E. coli, lysed by sonication in lysis

buffer (100 mM potassium phosphate, pH 7.2, 200 mM NaCl, 1 mM

DTT, and 25 mM imidazole), purified by nickel affinity and size-

exclusion chromatography, and cleaved from the 6X-His tag by throm-

bin protease as previously described for the C-terminal SH2 domain of

phospholipase C-g1.30 Analysis by SDS-PAGE indicated >98% purity.

Typical protein yields were approximately 40 mg/L. For isotopically

labeled protein, SH2B1 was grown in minimal media with (15NH4)2SO4,

as well as 13C-glucose when intended for carbon-labeled experi-

ments,31 and otherwise expressed and purified as described above.

2.2 | Synthesis of peptides

The desired phosphorylated peptides were synthesized on an Applied

Biosystems Pioneer continuous flow peptide synthesizer under stand-

ard automated Fmoc conditions, as previously described.30 Following

purification by high-performance liquid chromatography (HPLC), pep-

tide products were assessed for composition and purity by positive

electrospray ionization mass spectrometry (ESI1 MS).

2.3 | Protein and peptide concentrations

Concentrations of SH2B1 were measured by absorbance at 280 nm,

using the extinction coefficient calculated using ProtParam

(15470 M21 cm21 for wildtype protein, and 9970 for SH2B1_3D).32
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Concentrations of peptides were measured by absorbance at 205 nm

using extinction coefficients calculated by manually summing the absorb-

ance at 205 nm of the constituent amino acids (43792 M21 cm21 for

JAK2-pep, 41301 M21 cm21 for ErbB4-pep, 49461 M21 cm21 for IR-

pep, 42261 M21 cm21 for AN32A-pep, and 49770 M21 cm21 for

IGF1R-pep).33,34

2.4 | Isothermal titration calorimetry (ITC)

SH2B1 was dialyzed overnight at 48C into buffer containing 25 mM

Tris, pH 7.2, and 100 mM NaCl. The post-dialysis buffer was used to

resuspend the peptides to ensure that the protein and peptide buffers

were as closely matched as possible. Binding reactions were performed

using a MicroCal iTC200 calorimeter at 358C as previously described.35

The temperature was raised from the standard 258C in order to

increase the observed heat release upon protein/peptide binding, as

many of the interactions exhibited little enthalpic change at 258C.

Briefly, the sample cell was loaded with 203 lL of peptide at a concen-

tration ranging from 20 to 100 lM. SH2B1 at an 8- to 10-fold higher

concentration was titrated in as follows: one 0.2 lL dummy injection,

19 2 lL injections, and a final 1.3 lL injection, summing to a total of

39.5 lL of peptide used. Titration of SH2B1 into peptide (rather than

peptide into SH2B1) significantly reduced background heats that likely

resulted from the dilution of trace amounts of trifluoroacetic acid (TFA)

that carried over from peptide synthesis and purification. Data were

integrated and fit by nonlinear least-squares fitting to a single binding

site model using Origin ITC Software (OriginLab, Northampton, MA).

Prior to fitting, background heat from mixing or dilution effects were

accounted for by subtracting the enthalpy observed in control experi-

ments (titrating buffer into peptide and SH2B1 into buffer). All experi-

ments were at a minimum repeated in triplicate.

2.5 | Crystallization

Protein/peptide solution was made by mixing 12 mg/mL SH2B1_3D

(SH2B1 containing E583A, E584A, and W593H mutations) with a 1.4-

fold molar excess of peptide ErbB4-pep in crystal buffer (50 mM potas-

sium phosphate, pH 7.2, and 100 mM NaCl) at 48C. The crystallization

drop contained 0.5 lL of protein/peptide solution and 0.5 lL of mother

liquor (30% PEG 3350, 200 mM K2SO4, and 40 mM phenol). Crystals

were grown by sitting drop vapor diffusion in 96-well trays set up using

a Crystal Phoenix drop setter robot (Art Robbins Instruments). Crystals

were cryoprotected by sequential transfer into solutions of mother liq-

uor with an additional 5%, 10%, and 15% (v/v) glycerol.

2.6 | X-ray data collection and refinement

X-ray diffraction data was collected at the Advanced Light Source

beamline 8.2.2. Reflections were indexed using MOSFLM,36 and scaled

using Scala37 within the CCP4 program suite.38 For a preliminary data

set (for a crystal which diffracted to 1.7 Å resolution), molecular

replacement using the Phaser program39 within CCP4 was achieved

using the coordinates of a free state of SH2B1 (PDB ID: 2HDV) as the

starting model.21 For the final data set (for a crystal that diffracted to

1.4 Å resolution), our previous 1.7 Å data set was used for molecular

replacement. A phosphate ion and three phenol molecules were man-

ually built into the model based on clear electron density using Coot.40

The model underwent multiple rounds of refinement using PHENIX

Refine41 as well as manual adjustments made in Coot. The final model

was evaluated using MolProbity to assess quality.42 Statistics are listed

in Supplemental Table 1.

2.7 | Nuclear magnetic resonance (NMR) spectroscopy

binding affinity analysis

NMR spectra for binding affinity analyses were collected at the W. M.

Keck High Field 800 MHz NMR Facility on an Oxford 800 MHz mag-

net equipped with an Agilent console and HCN PFG room temperature

probe. We utilized settings loaded with Biopack pulse sequences

(gNhsqc.c for 1H-15N-heteronuclear single-quantum coherence

(1H-15N-HSQC) experiments) available with the VnmrJ software, with

minor modifications. Data were processed with NMRPipe43 and visual-

ized with CcpNmr Analysis.44

1H-15N-HSQC experiments for the determination of binding affin-

ity were collected at 258C on 20 lM of 1H-15N-labeled SH2B1 in NMR

buffer (50 mM Tris, pH 7.4, 50 mM NaCl, 1 mM Na2EDTA, 1 mM DTT)

with 10% D2O and 150 lM TSP. A concentration of 20 lM SH2B1

was used for binding experiments because this was the lowest the con-

centration could be dropped ([Protein] � Kd is a necessary assumption

for this binding model) while maintaining sufficient signal to noise to

TABLE 1 Sequences of the SH2B1-binding phosphopeptidesa

Peptide name Protein of origin Phosphorylated tyrosine Sequence

JAK2-pep Janus kinase 2 Y148 FTPD -pY- ELLTEN

ErbB4-pep Receptor tyrosine kinase ErbB4 Y1202 AEDE -pY- VNEPLY

IR-pep Insulin receptor Y1158 TRDI -pY- ETDYYR

AN32A-pep Acidic nuclear phosphoprotein 32 family member A Y148 YLDG -pY- DRDDKE

IGF1R-pep Insulin-like growth factor 1 receptor Y1280 EVSF -pY- YSEENK

aThe canonical peptide (JAK2-pep) contains a small, aliphatic, hydrophobic amino acid (Leu) at the 13 position. Four additional peptides, which contain
acidic Asp (D) or Glu (E) residues at the 13 position (bold), are also capable of binding SH2B1.22–24 All peptide sequences were derived from human
signaling proteins. The locations of tyrosine phosphorylation within the full-length proteins of origin are also indicated.
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detect the chemical shifts. Unlabeled phosphopeptide at a concentra-

tion of 800 lM was titrated into SH2B1, and 12 additional 1H-15N-

HSQC experiments were collected at the following molar ratios of pep-

tide: 0.1, 0.25, 0.4, 0.55, 0.75, 1, 1.25, 1.50, 2, 3, 5, and 8. For weak

binding peptide/protein interactions, an additional experiment using

12-fold molar excess of peptide was also collected. The Kd of the

SH2B1/peptide interactions were determined by plotting the observed

chemical shift (Ddobs) versus total peptide ligand ([L]0) at each titration

point, and fitting the following equation using the Solver add-in avail-

able in Microsoft Excel.45

Ddobs5Ddmax

Kd1 L½ �01 P½ �0
� �

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kd1 L½ �01 P½ �0
� �2

2 4 P½ �0 L½ �0
� �q

2 P½ �0

2.8 | NMR chemical shift mapping

All NMR spectra used for chemical shift mapping experiments and

backbone assignments were collected at 258C on an Oxford 600 MHz

magnet equipped with an Agilent console and HCN PFG cold probe.

Backbone resonance assignments for SH2B1 were obtained from

HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH spectra, which were

performed at 258C on 1 mM 1H-15N-13 C-labeled SH2B1 in NMR

buffer. These three-dimensional experiments were also performed on

SH2B1/JAK2-pep, since this system was in the slow-exchange regime

and, thus, backbone assignments could not be confidently transferred

from the spectrum of the free protein. All other peptide systems were

in the intermediate- to fast-exchange regime, allowing for the straight-

forward transfer of assignments from the free to peptide-bound states

of SH2B1 without the need for additional carbon-labeled experiments.
1H-15N-HSQC experiments used for chemical shift mapping were

collected on 250 lM of 1H-15N-labeled SH2B1 in NMR buffer as previ-

ously described.31 A high protein concentration (250 mM SH2B1) was

used in order to achieve sufficient signal to noise to collect data in a

short time (approximately 80 min per titration point). Unlabeled phos-

phopeptide was resuspended in NMR buffer to a concentration of 4–

12 mM and titrated into SH2B1 in 0.25 molar ratio increments to a

final protein to peptide ratio of 1:1.5. The observed chemical shift

change (Ddobs) for each amino acid upon peptide addition was calcu-

lated using the following equation:46

Ddobs5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DdHð Þ21 0:173DdNð Þ2

q

All chemical shift perturbations were visualized on the structure of

SH2B1_3D (PDB: 5W3R) using PyMOL.47 Each amino acid of SH2B1

was colored in accordance with its classification as having a negligible,

small, medium, or large chemical shift perturbation upon peptide bind-

ing using the following ranges: Dd<0.07 ppm (negligible, green),

0.07<Dd<0.10 ppm (small, yellow), 0.10<Dd<0.15 ppm (medium,

orange), and Dd>0.15 ppm (large, red). Amino acids that did not pro-

duce any observed chemical shift (prolines or residues that are

exchange broadened at these conditions) are colored in grey. Specifi-

cally, in addition to prolines, the following residues of free SH2B1 did

not produce an observable chemical shift: M518, G530, G544, T546,

Q571, E612, S613, S616, and S617.

3 | RESULTS

3.1 | SH2B1 binds acidic peptides with physiologically

relevant affinities

Several array studies have demonstrated that the SH2 domain of

SH2B1 has specificity for peptides containing small hydrophobic resi-

dues, especially leucine, at the 13 position C-terminal to the phospho-

tyrosine,19,20 which drives SH2B1 binding to canonical peptides

derived from signaling proteins such as JAK2-pep. Although JAK2-pep

contains several acidic residues (11 Glu and 15 Glu), the structure of

SH2B1/JAK2-pep demonstrates that peptide specificity is predomi-

nantly achieved through a network of hydrophobic contacts to the 13

leucine.21 Surprisingly, however, numerous peptides derived from insu-

lin and ErbB receptor signaling pathways have also been shown to bind

SH2B1, even though they contain acidic amino acids at the 13

position.22–24 To investigate the specificity of SH2B1 for 13 acidic

residue-containing peptides, four of these putative binding peptides

(ErbB4-pep, IR-pep, AN32A-pep, and IGF1R-pep) were chosen for

additional binding and structural characterization (Table 1).

ITC and NMR 1H-15N-HSQC titration experiments were used to

study the affinities of SH2B1-binding phosphopeptides (Figure 1).

Three of the peptides (ErbB4-pep, IR-pep, and AN32A-pep) bind

SH2B1 with affinities in the range reliably quantifiable by both meth-

ods, which served to cross-validate these two equilibrium techniques.

The affinities measured by both techniques were highly similar (within

a 1.6-fold difference) which supports the direct comparison of affinities

measured by ITC and NMR (Supplemental Table 2).

All five peptides bind SH2B1, with affinities ranging from 320 nM

to 68 lM (Table 2). The canonical peptide JAK2-pep binds the tightest,

with an affinity of 320621 nM, which is within 2-fold of a previously

measured affinity for this interaction at slightly different conditions

(550610 nM).21 Notably, ErbB4-pep (which contains a 13 Glu) binds

SH2B1 with an affinity of 542687 nM, which is only a 1.7-fold lower

affinity than JAK2-pep (which has a hydrophobic 13 Leu). ErbB4-pep

and JAK2-pep are consequently classified as tight affinity binders to

SH2B1. These affinities are well within the range typical for physiologi-

cally relevant SH2 domain/ligand interactions,48 suggesting that ErbB4-

pep may have physiological implications in SH2B1 signaling pathways

in vivo. However, although ErbB4-pep binds SH2B1 with similar affinity

as cognate JAK2-pep, the thermodynamics underlying the interactions

are very distinct. Cognate JAK2-pep binding to SH2B1 is entropically

unfavorable and, consequently, is entirely driven by strong enthalpic

contributions. In contrast, the ErbB4-pep interaction is driven by favor-

able entropies with only mild enthalpic contributions.

The three remaining peptides (IR-pep, AN32A-pep, and IGF1R-

pep), which all contain an acidic Asp or Glu at the 13 position, also

bind SH2B1 but demonstrate approximately 50- to 200-fold weaker

affinities than JAK2-pep and ErbB4-pep (Table 2). They have conse-

quently been classified as weak affinity binders. The three weak bind-

ers had similar thermodynamic signatures as ErbB4-pep, with strong

entropic and mild enthalpic contributions, suggesting these are charac-

teristic of the acidic peptide binding mode. Although these peptides
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FIGURE 1 Representative ITC and NMR data for SH2B1/peptide interactions. A, ITC binding data for the titration of SH2B1 into JAK2-
pep (left) and ErbB4-pep (right). The top panels are the raw heat signals upon protein titration, while the bottom panels show the integrated
heat signals. SH2B1 binds JAK2-pep with an affinity of 320621 nM, while the Kd for ErbB4-pep is 542687 nM. Figure was created using
Origin ITC Software (OriginLab, Northampton, MA). B, 1H-15N-HSQC NMR titration experiments were used for binding affinity determina-
tion for the weaker micromolar peptides. The data shown are the titration of increasing concentrations of non-cognate peptide IR-pep into
20 lM 1H-15N-labeled SH2B1. Free SH2B1 is shown in purple, while spectra of SH2B1 in the presence of increasing concentrations of IR-
pep are shown in rainbow color order up to 160 lM (8-fold molar excess peptide), in dark red. The insets highlight residues L532 and L577,
which illustrate peak “walking” behavior characteristic of a fast-exchange system. Data were visualized with the CcpNmr Analysis soft-
ware.44 C, Binding curve comparing the chemical shift changes of residue L577 as a function of the concentration of IR-pep added to
SH2B1. The binding curve compares the observed chemical shift changes (blue) versus values calculated for a perfect 30.3 lM interaction
(red). Values were calculated using the Solver add-in available in Microsoft Excel45
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share the acidic residue at position 13, ErbB4-pep binds to SH2B1

with a substantially tighter affinity, suggesting that our original bimodal

peptide classification (hydrophobic versus acidic) was overly simplistic

and that, rather, ErbB4 represents a third class of peptide ligand dis-

tinct from the other three acidic peptides.

3.2 | Crystal structure of free SH2B1 identifies several

conformationally flexible loops

To structurally characterize the cognate and non-cognate peptide bind-

ing modes of SH2B1, crystals were grown of a triple-mutated version

of SH2B1 (SH2B1_3D) when in the presence of a molar excess of each

peptide. The SH2B1_3D construct, containing E583A, E584A, and

W593H mutations, was used for crystallization based on previous find-

ings that these mutations improved the ability of SH2B1 to crystallize

with no impact on peptide binding affinity.21 In agreement with what

has been previously shown, we also found that the triple mutation had

little impact on peptide binding affinity. SH2B1_3D binds to peptides

JAK2-pep and IR-pep with binding affinities of 195623 nM and

40.968.0 lM, as measured by triplicate ITC experiments, which is

within approximately 2-fold of the affinities measured by ITC of these

peptides for wildtype SH2B1 (320621 nM and 18.864.8 lM, respec-

tively, Supplemental Table 2).

Following rigorous screening and crystal seeding approaches, high

quality crystals of free SH2B1_3D were obtained. Although crystals of

peptide-bound SH2B1_3D remained elusive, a comparison of multiple

crystal structures in different packing geometries of free SH2B1 can

establish the degree of inherent flexibility of the protein. The crystal

belongs to spacegroup P212121, with a single molecule of SH2B1_3D

comprising the asymmetric unit. The structure of free SH2B1_3D was

refined to a resolution of 1.4 Å (Figure 2A, PDB ID: 5W3R) with an R

factor for the working set of reflections of 0.144 and a free R factor of

0.168 for the final model.

The structure is generally similar to the previously solved high-

resolution crystal structure of SH2B1_3D (PDB ID: 2HDV), with root

mean square deviation (RMSD) values of under 2.0 Å for all atoms

when compared to both molecular chains of the previously published

structure. Significant differences, however, are apparent in the DE

loop, with RMSD values of approximately 4.9 Å (calculated for all

atoms of residues 580–587) and backbone movements up to nearly 9

Å (Figure 2B). A careful review of the structure, however, indicates that

the DE loop conformation may be influenced by crystal packing con-

tacts (Supplemental Figure 2). Nevertheless, it had sufficient flexibility

to adopt a highly distinct structure.

Interpretable electron density for the BG loop (residues 611–618)

was also obtained from the SH2B1_3D crystal, which highlights addi-

tional conformational flexibility. In the existing published 2.0 Å resolu-

tion structure of SH2B1_3D (PDB ID: 2HDV), electron density was

lacking for the residues of the BG loop, which resulted in their omission

from the final model. In the 1.4 Å structure presented here, the resi-

dues of loop BG were fit into clear electron density, allowing for the

complete structure of the free protein to be modeled (Figure 2B). We

note, however, that the conformation of the BG loop may be influ-

enced by contacts between several BG loop residues (specifically 612E

and 613S) and a neighboring symmetry mate molecule (Supplemental

Figure 2). Furthermore, high temperature factors (B factors) for resi-

dues in the BG loop suggest that this loop remains relatively disor-

dered, and may be conformationally flexible. While the average

temperature factor for the entire SH2 domain is 15.7, the average for

the BG loop is much higher (approximately 33.3). This agrees with
1H-15N-HSQC NMR data (discussed below), where we demonstrate

that chemical shift data is lacking for most of the BG loop residues in

free SH2B1, suggesting the residues sample multiple different chemical

environments. Taken together, the BG loop conformation presented

here is likely stabilized by lattice contacts, whereas when in solution,

the loop may adopt multiple conformations.

The EF and BG loops also take on substantially different conforma-

tions when compared to the complete structure of the SH2B1_3D/

JAK2-pep complex (PDB ID: 2HDX, 1.5 Å resolution) (Figure 2C, D).

The EF loop (residues 588–592) differences do not appear to be arti-

facts of crystal packing (Supplemental Figure 2). In the presence of

JAK2-pep, the EF and BG loops undergo significant conformational

rearrangements, with atomic movements up to 10 Å, which are likely

necessary to sterically permit peptide binding (Figure 2D). These move-

ments may also allow for the formation of numerous hydrophobic con-

tacts known to form between JAK2-pep and residues I609, P610, and

L611 of the BG loop (Supplemental Figure 1). With the ability to

undergo conformational movements of nearly 10 Å, the BG loop may

TABLE 2 Summary of SH2B1/phosphopeptide binding affinitiesa

Peptide
Residue at
13 position

Affinity
class Kd (lM)

Kd Fold Change
from JAK2-pep

DH by ITC
(kcal/mol)

TDS by ITC
(kcal/mol)

JAK2-pep L Tight 0.3206 0.021 * 1 216.160.1 26.896 0.11

ErbB4-pep E 0.5426 0.087 * 1.7 22.1760.08 6.7060.18

IR-pep D Weak 30.360.3 95 21.2060.06 5.5760.19

AN32A-pep D 18.260.1 57 21.7060.10 5.1560.13

IGF1R-pep E 68.262.6 210 n/a n/a

aThe tight affinity class interactions were assessed by ITC (indicated by an asterisk*), while weaker interactions were measured by NMR titration experi-
ments. For the four peptide systems that could be studied by ITC, the enthalpy and entropy are also reported. Values shown are averages from a mini-
mum of triplicate measurements. Error values reported are the standard errors of the mean.
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be able to adjust its conformation to also interact tightly with peptides

that contain an acidic amino acid at the 13 position, such as ErbB4-

pep. These findings suggest that the BG, DE, and EF loops exhibit

inherent conformational flexibility, capable of moving several ang-

stroms to accommodate ligand binding, which may contribute to the

ability of SH2B1 to recognize diverse ligands.

3.3 | NMR chemical shift mapping data suggest

SH2B1 uses a similar binding interface to bind diverse

peptides, but also reveals several protein interactions

unique to tight-binding peptides

The crystal structures of free SH2B1 and SH2B1/JAK2-pep highlight

several regions of backbone flexibility that may facilitate the ability of

the protein to bind canonical JAK2-pep and acidic residue-containing

ErbB4-pep with comparable affinities. To explore possible differences

in the ligand-binding interface of SH2B1 when bound to these two

tight affinity peptides, and to contrast this with the three weak binding

peptides, NMR chemical shift mapping titration experiments were

employed. 1H-15N-HSQC NMR spectra were collected of SH2B1 as a

function of added unlabeled peptide, and the chemical shift of each

crosspeak monitored. Amide proton/nitrogen pairs that experienced

significant chemical shift perturbations were mapped onto the surface

of SH2B1 to compare and contrast the likely binding modes of the pep-

tides. This approach can identify the most likely peptide-binding inter-

face of SH2B1, as well as detect regions of the protein that undergo

significant structural rearrangements upon peptide binding.

These data reveal that the two tight binding peptides, JAK2-pep

and ErbB4-pep, likely share a conserved binding interface. This is indi-

cated by numerous significant chemical shift perturbations observed

for amino acids in the bD-strand of the central b-sheet, near the

canonical pY binding pocket (Figure 3 and Supplemental Figure 3).

Chemical shift perturbations were also observed for positively charged

K575 and R578 residues (Supplemental Table 3), which allude to

FIGURE 2 Comparison of free SH2B1_3D structures and the structure of the SH2B1_3D/JAK2-pep complex. A, Crystal structure of free
SH2B1_3D, refined at a resolution of 1.4 Å (PDB ID: 5W3R, green). Secondary structure elements are labeled in accordance with
nomenclature established by Eck et al. (1993).56 B, When compared to the previously solved crystal structure of SH2B1_3D (PDB ID:
2HDV, chain A, purple), the backbone remains largely static, with the exception of the DE loop, which shifts by approximately 9 Å. The
structure of the BG loop, which could not be built into the previous model due to a lack of electron density, was also determined. The inset
shows the electron density for the BG loop residues, contoured to 1.0 r. C, An overlay of free SH2B1_3D (green) compared to the
previously solved crystal structure of the SH2B1_3D/JAK2-pep complex (PDB ID: 2HDX, chain A, yellow, JAK2-pep omitted for clarity).
Minor conformational changes were observed in the DE, BC, and EF loops, and a significant shift of up to 10 Å was observed in the BG
loop. D, When the JAK2-pep structure is included (grey), it is apparent that the outward movements of the EF and BG loops are likely nec-
essary to sterically permit JAK2-pep binding. Images were created with PyMOL47
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electrostatic contributions to the peptide binding events. Hydrophobic

amino acids known to contact the 13 Leu of JAK2-pep, including

V589 and I609, are also significantly impacted by the addition of both

JAK2-pep and ErbB4-pep, suggesting that ErbB4-pep maintains hydro-

phobic contacts to SH2B1 even in the absence of a hydrophobic resi-

due at the 13 position.

However, several differences between the tight affinity peptides

were also observed, which may indicate variations in the peptide bind-

ing modes. For example, the EF loop (residues 588–592) is significantly

more impacted by the addition of canonical peptide JAK2-pep than by

ErbB4-pep (Supplemental Table 3 and Figure 3). Residues within the

EF loop are known to make several hydrophobic contacts to the 13

Leu of JAK2-pep (Supplemental Figure 1), which may explain the signif-

icant perturbations to these residues upon JAK2-pep addition.21 Simi-

larly, several residues of the BG loop (E612, S613, and S617) produce

chemical shifts uniquely upon the addition of JAK2-pep (BMRB ID:

27126), even though they were absent in the spectrum of free SH2B1

and upon the titration of the four other peptides. This suggests that

the BG loop becomes more ordered upon JAK2-pep binding, which is

consistent with the hydrophobic contacts apparent in the crystal struc-

ture between the 13 Leu of JAK2-pep and I609, P610 and L611 (Sup-

plemental Figure 1B, PDB ID: 2HDX). The stabilization of the BG loop

additionally aligns with the disfavorable entropy determined by ITC for

the SH2B1/JAK2-pep interaction.

The three weak binding peptides (IR-pep, AN32A-pep, and IGF1R-

pep) also, not unexpectedly, appear to share a very similar binding

interface as the tight binding peptides, as indicated by conserved

chemical shift perturbations to residues in the bD sheet and BC loop

(Supplemental Table 3 and Supplemental Figure 3). However, the titra-

tions of these peptides did not significantly impact the chemical shifts

of several residues that were important for tight peptide binding,

including V589, I609, K575, and had a somewhat reduced impact on

FIGURE 3 Chemical shift mapping of 1H-15N-HSQC NMR peptide titration data highlights several differences between tight and weak
peptide binding modes to SH2B1. Chemical shift perturbations were mapped onto the ribbon or surface representation of SH2B1_3D (PDB
ID: 5W3R) and colored as follows: Dd<0.07 ppm (green), 0.07<Dd<0.10 ppm (yellow), 0.10<Dd<0.15 ppm (orange), Dd>0.15 ppm
(red), and unobserved chemical shifts (grey). Loop EF is labeled on the structure of SH2B1 to highlight the loop in which the most distinct
differences can be observed between each peptide binding mode. Loop BG is also indicated. Chemical shift data is lacking for many of the
residues in loop BG (colored grey), which may indicate conformational heterogeneity. A, Chemical shift mapping upon titration of tight bind-
ing peptides JAK2-pep, which contains a leucine at the 13 position (bold), and ErbB4-pep, which contains a glutamic acid at the 13 position
(bold red). B, Chemical shift mapping upon titration of three weak binding peptides that contain negatively charged residues at the 13 posi-
tion (bold red). Images were created with PyMOL47
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R578. The reduced chemical shift perturbations of these residues upon

weak peptide binding compared to tight peptide binding suggests that

contacts to these residues may be important for ligands to achieve high

affinity binding to SH2B1. This finding supports our ITC data, which

demonstrated that ErbB4-pep is part of a third class of peptide ligand

distinct from JAK2-pep and the other three acidic residue-containing

peptides. Taken together, NMR chemical shift mapping demonstrates

that all five peptides bind SH2B1 using a similar binding interface, and

we have identified several hydrophobic and charged residues that may

play an additional role in promoting tight affinity binding by JAK2-pep

and ErbB4-pep.

3.4 | SH2B1 mutagenesis studies reveal that residues

K575 and R578 play significant and unique roles in

binding to diverse peptides

Site-directed mutagenesis was employed to investigate specificity-

determining SH2B1 residues and to further explore the origins of

potential differences between peptide binding modes. We hypothe-

sized that electrostatic interactions may govern the recognition of

diverse peptides, considering that all five peptides studied here contain

several acidic residues and are consequently predicted to be negatively

charged at a physiological pH. In contrast, SH2B1 has a pI of 8.2, with

a predicted approximate charge of 12 at a physiological pH, and has

several exposed positively charged surfaces near the canonical ligand-

binding interface.

To understand the role of key amino acids in the peptide binding

modes, peptide binding affinity was measured using ITC and NMR to

SH2B1 mutants containing alanine or charge-swapped point mutations

at select positions. We have previously shown that a specific arginine

in the C-terminal SH2 domain of phospholipase C-g1 (PLCC_R716)

forms a unique salt bridge to the 13 Asp of a non-cognate PLCC-bind-

ing peptide, which distinguishes the binding mode of this peptide from

other ligands.30 To determine whether this alternate binding mode is

shared by SH2B1-binding peptides, the homologous residue to

PLCC_R716 (SH2B1_R578) was analyzed to determine if it similarly

discriminates for an acidic residue at position 13. Other positively

charged residues near the known JAK2-pep binding interface, including

K575 and R588, which exhibited chemical shift changes upon peptide

binding, were targeted since their proximity to the canonical JAK2-pep

binding interface may allow them to differentially interact with diverse

negatively charged peptides. Finally, we selected H591 due to its loca-

tion in the key EF loop and the fact that this residue exhibited chemical

shift changes upon binding all peptides. Taken together, the mutations

tested were K575E, R578E, R588E, and H591A (Supplemental

Figure 4).

The R588E and H591A mutations had minimal impact on peptide

binding, with less than a three-fold change in peptide binding affinity.

In contrast, the K575E and R578E mutations significantly reduced the

binding affinity of all peptides, but by varying magnitudes (Table 3).

The two tight binding peptides, JAK2-pep and ErbB4-pep, responded

very similarly to both mutations. The SH2B1_K575E mutation had a

pronounced impact on binding to these peptides, with affinities that

were approximately 370- and 170-fold weaker (for JAK2-pep and

ErbB4-pep, respectively) compared to wildtype SH2B1. Similarly,

reduced affinities of approximately 30-fold and 200-fold were

observed for binding of these two peptides to the charge-swapped

mutant SH2B1_R578E. In contrast, the three weak binding peptides

only experienced reduced affinities of approximately 7-fold in response

to K575E mutagenesis and 10- to 20-fold in response to R578E muta-

genesis, consistent with a less significant electrostatic effect. This is in

qualitative agreement with the NMR chemical shift mapping data,

which showed large chemical shift changes of K575 at upon the titra-

tion of JAK2-pep and ErbB4-pep as compared to no detectible change

at this site for the three weak binding peptides. R578 shifts upon bind-

ing in all cases, although more dramatically for the tight binding pep-

tides. These findings suggest that the K575 and R578 residues play

significant roles in binding specifically to the tight affinity class of pep-

tides, and that R578 may play an especially critical role in binding to

ErbB4-pep.

4 | DISCUSSION

Several high-throughput array studies have determined that SH2B1

has specificity for peptides containing hydrophobic amino acids C-

terminal to the pY of a peptide ligand, including a particularly strong

preference for a leucine or isoleucine at the 13 position.19,20 Thus, it

was surprising that additional studies using more targeted peptide

TABLE 3 Phosphopeptide binding affinities to charge-swapped SH2B1 mutants reveal distinct roles of K575 and R578 in peptide bindinga

Peptide SH2B1_Wildtype SH2B1_K575E SH2B1_R578E

Affinity
class Kd (lM) Kd (lM)

Fold change
from wildtype Kd (lM)

Fold change
from wildtype

JAK2-pep Tight 0.32060.021* 1186 4 370 9.1360.90* 29

ErbB4-pep 0.54260.087* 93.561.1 170 1076 3 200

IR-pep Weak 30.360.3 2086 21 6.9 5806 14 19

AN32A-pep 18.260.1 1246 6 6.8 2196 15 12

IGF1R-pep 68.262.6 4506 37 6.6 5206 4 7.6

aThe tighter interactions were assessed by ITC (indicated by an asterisk*), while all other interactions were measured by NMR titration experiments.
Values shown are averages from a minimum of triplicate measurements. Error values reported are the standard errors of the mean.
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libraries (such as peptides derived from ErbB or insulin signaling pro-

teins) found a preference of SH2B1 for peptides containing an acidic

amino acid (Asp or Glu) at the 13 position.22,23 We have found that

several peptides containing an acidic residue at 13 are indeed capable

of binding SH2B1 well in vitro, although only one peptide, ErbB4-pep,

binds SH2B1 with an affinity comparable to cognate ligand JAK2-pep

(Table 2). This difference in affinities demonstrates that specificity is

more nuanced than suggested simply by the nature of the amino acid

at position13.

Structural and biochemical data provide insights into how this dual

binding specificity is achieved. A new high-resolution (1.4 Å) structure

of the free SH2 domain of SH2B1 highlights the protein’s inherently

plastic structural features, which may allow it to adopt alternate confor-

mations needed to bind different ligand classes. For example, the BG

loop exhibits conformational movements up to 10 Å, in addition to

more modest atomic movements of the DE and EF loops (Figure 2).

Stabilization of the BG loop when bound to JAK2-pep may be a unique

feature of JAK2-pep binding, which is consistent with the disfavorable

entropy associated with this binding mode. The NMR chemical shift

mapping data also indicate that interactions to residues of the EF loop

(residues 588–592) are only present in the JAK2-pep binding mode,

suggesting that the 13 acidic residue-containing peptides contact alter-

nate surfaces on the SH2B1 interface.

In the absence of a hydrophobic residue at the 13 position, the

presence of an acidic 13 residue is necessary, but not sufficient, to

achieve high affinity binding. Our data, combined with a related struc-

ture, point to the features that likely enable ErbB4-pep, which contains

a 13 Asp, to bind SH2B1 with high affinity. We found that the R578E

mutation had a much more pronounced impact on ErbB4-pep binding

(nearly 200-fold reduced affinity, compared to 7- to 30-fold for all

other peptides). This behavior is reminiscent of another SH2 domain

system, PLCC, in which the homologous residue (PLCC_R716) plays a

unique and critical role in binding to a peptide containing a 13 Asp

through novel salt bridge and hydrogen bond interactions that cause

the peptide to bind in a different orientation across the interface.30

Our data indicate that additional hydrophobic contacts to C-terminal

peptide residues may be necessary for a peptide to bind with high

affinity in the absence of a hydrophobic 13 residue. Numerous hydro-

phobic amino acids within the EF loop (including V589 and I609) are

uniquely impacted by the tight-binding peptides (JAK2-pep and ErbB4-

pep) and thus appear to discriminate between the tight and weak-

binding peptides (IR-pep, AN32A-pep, and IGF1R-pep) (Figure 3 and

Supplemental Table 3 and Figure 3). This loop contacts the 13 Leu of

JAK2-pep,21 whereas upon binding to ErbB4-pep may undergo a con-

formational change, widening the groove allowing these sites to instead

participate in favorable hydrophobic interactions to alternate peptide

positions, such as14 Pro or15 Leu. Consistent with this idea, all three

of the weak binding peptides exclusively contain charged and/or polar

14 and 15 amino acids that would be unable to form this type of

hydrophobic interaction.

The diversity observed in the peptide binding modes of SH2B1

may be shared by additional SH2 domains, which would expand our

understanding of the role of SH2 domains as key signaling hub

molecules. In addition to SH2B1 and PLCC, the bD6 residue has a basic

side-chain in over half of the 120 known SH2 domains in humans (30

contain a lysine and 34 contain an arginine).49 Similarly, the homolo-

gous residue to SH2B1_K575 (bD3), which is important for both JAK2-

pep and ErbB4-pep binding, is conserved as a basic residue in approxi-

mately half of the human SH2 domains (59 of the 120 domains), and

has been previously implicated in the discrimination of SH2 domain

specificity classes.26 25 human SH2 domains contain a basic residue at

both the bD3 and bD6 positions. A secondary binding mode driven by

electrostatic interactions to the bD6 residue may, thus, be a broad

mechanism of molecular recognition shared by numerous SH2 domain-

containing proteins.

One approach to understand the prevalence of alternate ligand

binding modes is to assess the diversity of structures observed in the

SH2 domain family. When numerous structures of SH2 domain/pep-

tide complexes solved to high resolution (< 3 Å) by X-ray crystallogra-

phy are overlaid, it is apparent that the tertiary structures of SH2

domains are highly conserved, with RMSD values under 1 Å for nearly

all molecular comparisons (after outlier rejection, Supplemental Figure

5 A). However, several of the protein loops, such as the BC, DE, EF,

and BG loops, exhibit moderate conformational heterogeneity, which

has been previously demonstrated to contribute to SH2 domain speci-

ficity.50 This agrees well with the loop plasticity observed for SH2B1,

and the distinct roles proposed for the EF and BG loops in binding to

JAK2-pep. Several of the structures (e.g., peptide-bound SH2 domains

of LCK, NCK1, PTPN11, and SRC) demonstrate hydrophobic contacts

between residues of the EF loop and hydrophobic residues at the 13

position of the peptide. Likewise, hydrophobic or electrostatic interac-

tions are also common between peptide residues and the BG loop (e.g.,

the peptide-bound SH2 domains of LCK, PIK3R1_C, PLCC/ErbB2-pep,

and SRC). Thus, although the overall SH2 domain structure is well-

conserved between homologues, conformational diversity of the EF

and BG loops permit the formation of distinct bonding networks

between these protein loops and the peptide ligand, and may thereby

explain the differences in specificity classes observed between SH2

domains, and specifically between the peptide classes recognized by

SH2B1.

Similarly, there is also plasticity apparent between the conforma-

tions of peptides when bound to SH2 domains, which further supports

our findings that the hydrophobic and acidic classes of SH2B1-binding

peptides likely rely on distinct bonding networks (Supplemental Figure

5B). While some SH2 domain specificity classes are known to adopt

unique binding modes (such as the b-turn-induced bent conformation

of GRB2-binding peptides51), peptides in the common extended con-

formation can also adopt a trajectory several angstroms higher or lower

on the protein surface as compared to others. Similar to the conforma-

tional diversity of the EF and BG loops noted above, the differences

observed between peptide conformations are largely driven by the for-

mation of bonding networks to residues of the EF and BG loops, as

well as to the central bD strand.

Understanding the diverse modes of peptide recognition utilized

by SH2B1 will be instrumental to the identification of novel SH2B1-

binding ligands with physiological implications in human signaling
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pathways. For example, the ability of SH2B1 to bind ErbB4-pep with

nanomolar affinity suggests a role for SH2B1 in ErbB signaling. ErbB

receptor-mediated pathways regulate several cellular functions, includ-

ing proliferation and migration, with consequent roles in cancer.52,53 As

a result of its known role as an adaptor and enhancer in insulin, leptin,

and growth hormone signaling pathways, SH2B1 has already been

established as a key regulator of energy homeostasis, including the

management of body weight and glucose metabolism, and has emerged

as a candidate for medical research targeting obesity and diabetes.2,6

Through the identification of novel classes of peptide ligands, including

acidic residue-containing peptides such as ErbB4-pep, we have demon-

strated that SH2B1 may be involved in previously unrecognized signal-

ing pathways with clinical implications in the treatment of additional

diseases, including cancer. Peptidomimetic inhibitors of numerous SH2

domains, including those of STAT3, Grb2, Grb7, and SRC, have been

extensively studied, with several molecules resulting in tumor reduction

in in vivo mouse models of human cancers.54,55 The SH2 domain of

SH2B1 may offer a similar platform for the development of pharma-

ceuticals for the treatment of numerous medical disorders, including

obesity, diabetes, and cancer. We have identified several specificity-

determining structural features of SH2B1, such as K575, R578, and

residues of the EF loop, which may provide insights into the rational

design of therapeutics that target the SH2 domain/phosphopeptide

interface of SH2B1 with high affinity and specificity.

In summary, we have identified a peptide, ErbB4-pep, that binds

SH2B1 with nanomolar affinity, driven largely by electrostatic interac-

tions to residues K575 and R578. These residues are highly conserved

amongst human SH2 domains, suggesting that this secondary electro-

statically driven binding mode may be a common mechanism for the

molecular recognition of phosphopeptides. A better understanding of

the mechanisms driving the recognition of peptides containing acidic

residues at the 13 position may facilitate the identification of addi-

tional novel peptides that can bind to SH2B1, or other SH2 domains,

with tight affinity and with potential physiological implications. As a

key regulator of body weight and glucose metabolism, understanding

the peptide recognition patterns of SH2B1 and its wide range of pep-

tide targets can also assist in the design of high affinity therapeutics to

selectively target one peptide binding mode over another.
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